(-)-epigallocatechin-3-gallate (EGCG), the major polyphenol of green tea, has shown excellent effects in preventing, as well as treating, many cancers including prostate cancer (PCa) in preclinical model systems. However its applicability to humans has met with limited success due to several issues including its limited bioavailability. We employed the use of nanotechnology to improve the outcome of cancer chemoprevention and coined the concept 'nanochemoprevention'. Recently, we reported the synthesis, characterization and efficacy assessment of a formulation of chitosan encapsulating EGCG (Chit-nanoEGCG) for treatment of PCa in a xenograft model [1] . Here we show the efficacy of this nanoformulation in human PCa cells for inhibition of cell growth, induction of apoptosis, and inhibition of the colony formation. We further demonstrate that the encapsulated EGCG retains its mechanistic identity for induction of apoptosis. We observed that chit-nanoEGCG treatment induces apoptosis and also results in growth arrest of the cells in S phase and the cell cycle-regulatory molecules operative in the G1/S phase of the cell cycle were significantly modulated. All these effects were seen at much lower doses in chit-nanoEGCG treated cells as compared to the native agent. Collectively, chit-nanoEGCG could prove useful for preventing and/or treating human PCa.
Introduction
In the United States and Europe, prostate cancer (PCa) is the most common neoplasm and the second leading cause of deaths due to cancer in men [2, 3] . The American Cancer Society (ACS) estimates that 233,000 new prostate cancer cases will be diagnosed in 2014, leading to nearly 30,000 deaths [4] . In order to reduce the onset and subsequent fatalities associated with PCa, there has been a marked rise in the use of natural products [5, 6] . Among these natural dietary substances, (−)-epigallocatechin-3-gallate (EGCG), a wellstudied chemopreventive agent from green tea has shown remarkable chemopreventive potential in a wide variety of cell cultures and preclinical studies [7] [8] [9] .
Many in vitro studies have demonstrated the cancer preventive effects of EGCG on modulation of cellular signal transduction and metabolic pathways via induction of apoptosis, suppression of cell proliferation and transformation, as well as inhibition of angiogenesis, tumor invasion and/or metastasis [7, 8, 10, 11] . Additionally, EGCG mediated cancer preventive effects are often linked to inhibition of antioxidant activities, promotion of cell cycle arrest, induction or inhibition of certain drug metabolism enzymes, inhibition of DNA methylation, effect on miRNA expression, suppressing NFκB activation and modulation of growth factor mediated proliferation, etc. [7, 9, 10, 12, 13] .
Despite these observed promising effects in preclinical studies, EGCG has only shown limited potential in clinic, and thus has met with limited success possibly due to poor systemic delivery and bioavailability [6, 14] . We introduced a concept of nanochemoprevention for enhancing the outcome of EGCG for chemopreventive intervention [15, 16] , which involves the use of nanotechnology to improve the pharmacokinetic and pharmacodynamics profiles of natural chemopreventive agents [14, 17, 18] . In the first study of its kind, we encapsulated EGCG in PLGA-PEG nanoparticles and assessed its efficacy against human prostate cancer both under in vitro and in vivo conditions. In this study, we demonstrated that encapsulated EGCG, retains its biological effectiveness with an over 10-fold dose advantage in exerting its efficacy [14, 19] . This idea was subsequently exploited by several laboratories worldwide and has now become an advancing field in chemoprevention research [20] [21] [22] [23] [24] . The last decade has witnessed rapid advancement in the development of nanochemopreventive technology with emergence of many nanoencapsulated formulations of different dietary anticancer agents [6] . In our recent study, we synthesized nanoparticles made up of natural biopolymer chitosan encapsulating EGCG (Chit-nanoEGCG), and reported that oral administration of chitosan based nanoformulated EGCG inhibited cancer cell growth in a xenograft model. Treatment with chitnanoEGCG resulted in significant inhibition of tumor growth and secreted prostate-specific antigen levels compared with EGCG alone and control groups [24] .
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In this study, we demonstrate that this Chit-nanoEGCG is as potent as native agent albeit at a much lower concentration. We demonstrate a significant improvement of pro-apoptotic and antiproliferative effects of EGCG encapsulated in chitosan nanoparticles.
Materials
Anti-Bax, Bcl-2, P21, P27, cyclinE2, CDK2, cleaved caspases -3,7, 8 and 9 and cleaved PARP antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-mouse and antirabbit secondary antibody horseradish peroxidase conjugates were obtained from Cell signaling (Beverly, MA). BCA Protein assay kit was obtained from Pierce (Rockford, IL). Novex precast Tris-glycine gels were from Bio-Rad (Hercules, CA). EGCG was purchased from Sigma-Aldrich Co. (St Louis, MO). Annexin-V-FLUOS staining kit was purchased from Roche Diagnostic Corporation (Indianapolis, IN).
Cell lines
Human prostate carcinoma cells LNCaP and PC3 were obtained from American Type Culture Collection (Rockville, MD). Cells were cultured in RPMI 1640 (Life Technologies, Rockville, MD) medium with 2 mmol/L L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mmol/L HEPES, and 1.0 mmol/L sodium pyruvate, and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were maintained under standard cell culture conditions at 37°C and 5% CO 2 in a humid environment.
Cell viability assay
The effect of EGCG and Chit-nanoEGCG on the viability of cells was determined by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 5 × 103 LNCaP and PC3 cells were plated per well in 24 well plates in 1 ml complete culture medium. LNCaP cells (60% confluent) were treated for 48 h with EGCG 30, 40, 50 µM and Chit-nanoEGCG 2, 4, 8, and 10 µM. PC3 cells (60% confluent) were treated for 48 h with EGCG 40, 80, and 100 µM and Chit-nanoEGCG 2,4,6,8 µM. After which the medium was removed and cells were washed with PBS and incubated for 2 h with MTT reagent (300 μL, 0.5 mg/ml final concentration in medium).
The MTT solution was removed and the formazan crystals were dissolved in DMSO (300 μL), plates were shaken, and absorbance was recorded at 540 nm on a microplate reader. Experiment was repeated three times with similar results. The effect of each compound on growth inhibition was assessed as percentage of cell viability in which untreated controls were considered as 100% viable. IC50 of ChitnanoEGCG and native EGCG was calculated from the cell viability data.
Colony formation assay
Cells (8 × 103) were seeded in tissue culture dishes and treated with desired EGCG and Chit-nanoEGCG formulation. Media was replenished every 3 days with the treatments. The cells were maintained under standard cell culture conditions at 37°C and 5% CO 2 in a humid environment. Colonies that formed in 2 to 3 wk were fixed with 10% buffered formalin, stained with 2% gentian violet (w/v methanol solution), washed with water, and air-dried.
Apoptosis detection by fluorescence microscopy
The Annexin V-FLUOS Staining Kit (Roche Applied Biosciences, Mannheim, Germany) was used for the detection of apoptotic cells according to the manufacturer's protocol. The cells, LNCaP and PC3 were grown to 50-60% confluency on cell culture slides and then treated with EGCG (40, 50 μM) and Chit-nanoEGCG (1, 2 µM) and EGCG (80, 100 μM) and Chit-nanoEGCG (4, 6 µM) for 48 h. Cells that were used as controls were incubated with the culture medium only. The cells were then incubated with Annexin V-FLUOS labeling reagent for 10 min and then analyzed using fluorescence microscopy (excitation at 450-500 nm and detection at 515-565 nm). Cells with green fluorescence were scored as apoptotic and the fluorescence was visualized using a Nikon Eclipse Ti system (Nikon Instruments Inc., Tokyo, Japan). Digital images were captured with an attached Cool SNAP camera (Roper Scientific, Trenton, NJ) linked to a computer.
Protein extraction and Western blotting
The cells were treated with EGCG and Chit-nanoEGCG in complete medium. 48 hours later, the cells were washed with cold PBS (10 mmol/L, pH 7.4) followed by incubation in ice-cold lysis buffer [50mM Tris-HCl, 150mM NaCl, 1mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, 1mM ethylenediaminetetraacetic acid, 20mM NaF, 100mM Na3VO4, 0.5% NP-40, 1% Triton X-100, 1mM phenylmethylsulfonyl fluoride, pH 7.4] with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set III, Calbiochem, La Jolla, CA) and 0.2 mM sodium vanadate over ice for 30 min. The cells were scraped and the suspension was collected in a microfuge tube and passed through a 21.5-gauge needle to break up the cell aggregates. The lysate was cleared by centrifugation at 14,000 × g for 15 min at 4°C, and the supernatant (total cell lysate) was stored at −80°C for further analysis. The protein concentration was determined by BCA protein assay kit according to the manufacturer's protocol.
For immunoblotting, 30-50 μg protein was resolved over 8-12% polyacrylamide gels and transferred to a nitrocellulose membrane. The blot was blocked in blocking buffer (5% non-fat dry milk/1% Tween 20 in 20mM Tris-buffered saline, pH 7.6) for 1h at room temperature, incubated with appropriate monoclonal or polyclonal primary antibody in blocking buffer for 1.5 h to overnight at 4°C, followed by incubation with anti-mouse or anti-rabbit secondary antibody horseradish peroxidase (HRP) conjugate obtained from Cell Signaling technologies .The membrane was washed and bound complex detected by chemiluminescence (ECL kit; Amersham Biosciences, UK) and autoradiography using Bio-Rad Gel-Doc (BioRad Laboratories). Densitometric measurements of the bands in immunoblotting were performed using digitalized scientific software program Image J (National Institutes of Health).
Cell-cycle analysis by Flow cytometry
Cells treated with/without EGCG and Chit-nanoEGCG for 48 hours were processed using APO-DIRECT assay kit (BD Biosciences Pharmingen, San Diego, CA, USA). Briefly, post-treatment cells were processed for labeling with fluorescein-tagged dUTP nucleotide and propidium iodide and analyzed using Modfit software. The treated cells were fixed in 1% paraformaldehyde (methanol free) in PBS for 60 minutes on ice, centrifuged (5 min; 300 xg), washed with PBS ISSN: 2327-204X and pelleted again. Cells were resuspended in 70% ice cold ethanol and kept on ice for 30 minutes. The cells were pelleted (5 min; 300 xg) and washed twice in the wash buffer provided in the kit. DNA labeling solution containing TdT enzyme and FITC dUTP was used to label the cells for 60 min at 37°C. Cells were again washed twice by centrifuging in wash buffer and finally the pellet was resuspended in PI/RNase staining buffer provided in the kit and analyzed using a FACSCalibur.
Statistical analysis
Results were expressed as the means ± SD. Statistical analysis between controls and treatments were performed by Student's t-test, where a P ≤ 0.05 was considered statistically significant.
Result and Discussion
In our first set of experiments, we evaluated the effect of ChitnanoEGCG versus native EGCG on cell viability of androgensensitive LNCaP and androgen-independent PC3 human prostate cancer (PCa) cells. This choice was based on the premise that PCa at the time of diagnosis represents a mixture of androgen -dependent and -independent cells, and a treatment protocol aimed at eliminating both types of cells would be ideal. As shown in Figure 1 , treatment of LNCaP and PC3 cells with EGCG and Chit-nanoEGCG for 48 h resulted in a dose-dependent inhibition of cell growth as analyzed by MTT assay. The effective dose of EGCG for inhibiting cell growth was reduced significantly when encapsulated in chitosan nanoparticles. The IC50 (at 48 h post treatment) of Chit-nanoEGCG was observed to be 4 µM as compared to 90 µM with native EGCG in PC3 cells. For LNCaP cells the IC50 of Chit-nanoEGCG was observed to be 1 µM as compared to 45 µM of the native agent. The differential response in the two cells is possibly due to the fact that the two cells (differing in androgen status) behave totally differently in presence of an agent. We speculate that nano-EGCG enters into the cells via endocytosis. They adsorb serum proteins nonspecifically onto their surface and enter the cell via receptors on the cell membrane [14] .
Next, by using colony formation assay, Chit-nanoEGCG was observed to demonstrate a remarkable dose advantage over nonencapsulated EGCG, providing a comparable inhibition of colony formation capability at 1 and 2 µM Chit-nanoEGCG when compared with 40 and 50 µM nonencapsulated EGCG in LNCaP cells (Figure 2A ). Similar dose advantage was observed in PC3 cells with 4 and 6 µM dose showing effects comparable to 80 and 100 µM of native agent ( Figure 2B ).
We next determined if the growth-inhibitory effects of ChitnanoEGCG correlated with enhanced induction of apoptosis. Using an Annexin-labeled fluorescent kit, we observed enhanced apoptosis of LNCaP and PC-3 cells treated with Chit-nanoEGCG for 48 h compared with high dose of native EGCG (Figure 3) . We observed increased staining of annexin-V in LNCaP and PC3 cells indicating that both EGCG and Chit-nanoEGCG treatment resulted in increased apoptosis. This effect was however more prominent in Chit-nanoEGCG treated cells at a much lower doses reiterating the dose advantage of the EGCG encapsulated in nanoparticles.
To understand the molecular basis of the effects of ChitnanoEGCG, we studied several molecules involved during the initiation and execution of apoptosis. Our data showed that, levels of pro-apoptotic Bax were increased by Chit-nanoEGCG (Figure 4) . Concomitantly, the levels of anti-apoptotic Bcl-2 were decreased by Chit-nanoEGCG. Furthermore, modulations in the expression of key regulators of apoptosis Bax and Bcl-2 by these agents resulted in shift in the ratio of these molecules in a way that favored apoptosis ( Figure  4 ). These effects were observed in both tested prostate carcinoma cells. The data also suggested that the dose advantage seen in the cell viability and apoptosis assays is persistent at the protein expression level.
PARP (116 kDa), a nuclear enzyme that functions as a facilitator for DNA repair, is inactivated after extensive DNA damage via effector caspases during apoptosis induction; hence, inactive cleaved PARP (~85 kDa) has been profusely used a biomarker of apoptosis [25] [26] [27] . As shown in (Figure 4) , we observed an increase in poly(ADP-ribose) polymerase (PARP) cleavage in both LNCaP and PC3 cells. Importantly, these responses were observed at a low concentration of nano-EGCG as compared to the native agent, further supporting a remarkable dose advantage when EGCG was delivered in nanoparticles.
Changes in the Bax to Bcl-2 ratio always lead to the destabilization of the mitochondrial membrane and release of apoptotic factors. These factors induce the caspase proteolytic cascade and cleavage of PARP, ultimately leading to cell death. At least two pathways, the death receptor and the mitochondrial pathways, are known to activate the effector caspases via the initiator caspases [28] . The process of apoptosis consists of the sequential activation of caspases, which are the key players in apoptotic cell death [24] . Caspases 8 and 9 are initiator caspases, performing signaling functions along the apoptosis cascade, whereas caspase 3 and 7 are two of the executioner caspases that directly activate the apoptosis effectors [26, 29, 30] . As shown in Figure 5 , we observed that there was significant increase in activation of cleaved caspases 3,7,8,9 in both tested cell lines. These proteins were over two fold higher up-regulation in the cells treated with Chit-nanoEGCG as compared to native EGCG reconfirming the dose advantage with nanoformulated EGCG. Overall, our observations suggest that the mitochondrial pathway triggers the activation of initiator caspase-8, which in turn activates the effector caspases, resulting in proteolytic cleavage of PARP.
Cell cycle is a series of events that controls the self-replication of mammalian cell. A normal controlled cell cycle progression is an important physiological event that is dependent on the cell efficiency to translate extracellular signaling such as mitogenic stimuli and keeps extracellular matrices undamaged in order to effectively replicate DNA and divided. This progression is regarded to be essential for normal tissue homeostasis. Loss of those controls in cells can result in unrestrained cell division which ultimately leads to cell proliferation, tumorigenesis and cancer [31] . One or more cell-cycle checkpoint defects are involved in most of the cancer types including PCa [32] [33] [34] . GTP and EGCG exhibit anti-proliferative effects versus both androgen-sensitive and androgen-insensitive human PCa cells. The effect was shown to be mediated by cell cycle deregulation and cell death induction [35] . Therefore, we next assessed the effects of Chit-nanoEGCG on cell cycle arrest in both cell lines. Induction of cell cycle (growth) arrest in S phases were reported in tumorigenic androgen independent PCa cells, while androgen dependent PCa cells were not significantly affected, even when Chit-nanoEGCG was administrated at higher doses ( Figure 6 ) and this was associated with cyclin-dependent kinase 2 (CDK2) and cyclin E2 inhibition by chitnanoEGCG in both cell lines as compared with that seen in cells treated with EGCG and control ( Figure 7B ). Chit-nanoEGCG also increased the levels of cell cycle regulatory proteins (cyclin-dependent kinase inhibitors) WAF1/p21 and CIP1/p27 proteins in both cell lines. Immunoblot analysis and the densitometric quantitation of protein bands revealed that Chit-nanoEGCG resulted in marked induction of p21 and p27 in a dose-dependent manner with a significant dose advantage over EGCG ( Figure 7A ).
In summary, these results demonstrate that the effectiveness of concept of nanochemoprevention (EGCG encapsulated biodegradable NPs), in terms of proapoptotic and antiproliferative efficacy, can be developed as a safe, inexpensive, tolerable and readily applicable approach for cancer control and management. The advancement in nanochemoprevention might help us to achieve higher concentrations of phytochemicals which are unattainable when the agents are provided as part of a regular diet. We suggest that, in the future this study possesses strong merit and rationale for conducting additional detailed in vivo studies in appropriate animal models with relevance to human disease.
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